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Swelling  soils  are  responsible  for  considerable 
damage  to  structures  and  significant  monetary  losses. 

The  ability  to  predict  and  quantify  this  phenomenon  has 
been  the  basis  for  much  investigation  over  the  last  50 
years.  To  date,  no  one  method  has  been  found  which  will 
adequately  accomplish  this.  In  this  report,  the  results 
of  historical  investigations  are  briefly  summarized,  as 
are  the  mechanisms  which  are  involved  in  the  swelling 
process . 

Based  upon  these  historical  results,  two  methods  for 
examining  empirical  data  are  proposed.  The  first  method 
correlates  the  swelling  pressure  to  the  natural  dry  den¬ 
sity  and  the  liquid  limit  of  the  soil.  The  second  method 
parallels  the  first,  except  that  the  correlation  is 
accomplished  using  an  introduced  parameter  (plasticity 
index/percent  of  soil  passing  the  #200  sieve)  instead  of 
the  liquid  limit.  An  empirical  data  base  from  the  Rocky 
Mountain  geographical  area  is  examined  using  these  two 
methods.  The  data  base  consists  of  both  clay  soils  and 
sedimentary  claystones .  Predictive  equations  are  deduced 
for  each  analysis  method.  The  first  method  (using  the 

V 
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liquid  limit)  produces  better  results,  and  comparisons  of 
predicted  versus  measured  values  are  presented  for  this 
method.  A  listing  of  the  data  used  in  the  analyses  is 


included  in  this  report. 
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CHAPTER  I 


INTRODUCTION 

Expansive  soils  are  found  throughout  the  world,  and 
the  damage  caused  to  structures  which  are  founded  on  them 
is  equally  universal  as  well  as  costly.  It  has  been  esti¬ 
mated  that  the  damage  caused  annually  by  swelling  soils 
exceeded  2k  billion  dollars  in  1973  [ll].1  Damages 
caused  by  swelling  soils  cover  a  wide  range  of  magnitude 
varying  from  purely  cosmetic  defects  such  as  hairline 
cracking  to  major  structural  distresses.  For  example, 

cases  of  interior  building  walls  bowing  by  up  to  12  inches 

2 

and  pier  uplift  of  some  4  inches  have  been  recorded. 

Facts  and  figures  of  this  magnitude  are  staggering  and 
underscore  the  need  for  a  more  thorough  understanding  of 
this  phenomenon.  When  one  considers  that  the  future  will 
bring  with  it  an  ever  increasing  need  to  utilize  less 
desirable  and  previously  avoided  locations  for  construc¬ 
tion,  the  problem  becomes  even  more  meaningful. 

The  problems  caused  by  expansive  soils  were  first 
recognized  in  the  late  1930's  and  thus  this  is  a 

Numbers  inside  brackets  indicate  bibliography 
reference. 
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Taken  from  files  of  Chen  and  Associates,  Inc., 
Consulting  Soil  Engineers,  Denver,  Colorado. 
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relatively  new  area  in  soil  mechanics.  Significant 
research  in  this  area  has  been  done  throughout  the  world; 
however,  the  lack  of  standardized  testing  procedures 
used  in  the  research  examining  the  expansiveness  of  soil 
has  resulted  in  poor  correlation  of  test  data.  For 
example,  "percent  swell"  data  cannot  be  readily  correlated 
as  confining  pressures  used  vary  from  experiment  to  exper¬ 
iment. 

The  testing  which  has  been  done  to  date  and  the  con¬ 
clusions  which  have  been  drawn  cover  both  investigative 
techniques  and  the  examination  of  empirical  data. 

Chen  [ 3  ],  and  Seed,  Woodward  and  Lundgren  [22]  are 
among  those  who  have  conducted  the  former,  while  Holtz 
and  Gibbs  [10]  and  Vijayvergiya  and  Ghazzaly  [27]  are 
among  the  many  who  have  done  the  latter. 

It  is  not  the  purpose  of  this  report  to  establish 
any  standardized  testing  procedures.  Instead,  it  is 
aimed  at  providing  an  empirically  derived  means  for  pre¬ 
dicting  the  swelling  pressure  of  expansive  soils  found 
generally  in  the  Rocky  Mountain  area  of  the  United  States. 
The  bulk  of  test  samples  which  will  be  examined  are  from 
Colorado.  The  data  analysis  used  combines  conclusions 
drawn  by  Chen  [  3  ],  Seed,  Woodward  and  Lundgren  [22], 
and  Vijayvergiya  and  Ghazzaly  [27 1 . 
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CHAPTER  II 


NATURE  OF  EXPANSIVE  SOILS 


A.  Distribution  of  Expansive  Soils 

As  alluded  to  in  the  introduction,  expansive  type 
soils  are  to  be  found  throughout  the  world.  As  of  1969, 


the  list  of  countries  which 
soils  includes  [  6 ] : 

Argentina 

Australia 

Burma 

Canada 

Cuba 

Ethiopia 

Ghana 

India 

Israel 


are  known  to  contain  expansive 


Iran 

Mexico 

Morocco 

Rhodesia 

South  Africa 

Spain 

Turkey 

U.S.A. 

Venezuela 


The  exact  locations  of  these  deposits  within  these 
countries  show  that  expansive  soils  are  generally  to  be 
found  in  semi-arid  regions,  or  in  those  areas  where  aver¬ 
age  annual  evapo-transpiration  exceeds  precipitation 
(Fig.  1) .  The  repetitive  drying  and  wetting  cycles  which 
occur  in  such  regions  contribute  to  the  swelling  of  such 
soils.  All  soils  located  in  such  regions  do  not  exhibit 
expansive  characteristics,  but  those  that  do,  have  addi¬ 
tional  characteristics  which  will  be  further  explained 


below 
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Figure  1 

Distribution  of  Reported  Instances 
of  Heaving  [6] 
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The  study  of  expansive  soils  is  in  a  relative  infancy 
stage  as  compared  to  soil  mechanics.  The  expansive  prop¬ 
erties  of  soil  did  not  begin  to  be  recognized  until  the 
1930's.  During  this  period  in  the  United  States,  the 
expansion  of  the  population  into  areas  containing  expan¬ 
sive  soils,  coupled  with  the  more  widespread  use  of  brick 
in  the  construction  of  residential  type  structures,  served 
to  highlight  the  damaging  effects  of  expansive  soils. 
Predominantly  wooden  structures  were  constructed  prior 
to  this  period,  and  since  these  were  more  flexible,  they 
tended  to  absorb  the  stresses  caused  by  expanding  soils. 
The  more  rigid  brick  structures,  on  the  other  hand,  tended 
to  show  visibly  the  effects  of  expanding  soils  in  the  form 
of  cracks.  Initially,  such  cracking  was  "explained"  as 
differential  settlement  and  poor  construction,  and  it 
took  several  more  years  before  such  damage  was  recognized 
as  being  attributable,  at  least  in  part,  to  expansive 
soils. 

In  light  of  the  above,  it  is  reasonable  to  expect 
that  the  presence  of  expansive  soils  is  not  limited  to 
the  countries  listed  above,  but  that  additional  regions 
exist  and  will  present  similar  problems  as  buildings  are 
erected  in  as  yet,  unoccupied  regions. 


B.  MineralO' 


Soils  can  be  categorized  as  cohesive  and  non-cohesive 
(cohesionless)  as  one  means  of  describing  behavioral 
characteristics .  The  cohesionless  soils  tend  to  be  com¬ 
prised  of  bulky  particles  while  the  cohesive  soils  tend 
to  contain  smaller,  flat,  plate-like  particles  that  are 
also  known  as  clay  particles.  Clays  are  further  divided 
into  three  major  groups,  kaolinites,  illites  and  montmor- 
illonites,  based  upon  their  molecular  structure.  Research 
has  shown  that  expansive  soils  tend  to  be  high  in  clay 
content  and  especially  in  montmorillonite  content. 

Research  has  shown  all  clay  minerals  to  be  predomi¬ 
nantly  crystalline  in  nature.  Two  basic  structural 
"building  blocks"  are  found  to  predominate  in  the  three 
major  clay  minerals.  These  basic  units  are  the  silica 
tetrahedron,  and  the  octahedral  aluminum  hydroxide.  The 
silica  tetrahedron  consists  of  a  silicon  atom  which  is 
surrounded  by  four  oxygen  atoms  which  are  located  at  the 
apexes  of  equilateral  triangles  (Fig.  2a) .  These  units 
may  combine  as  shown  in  Fig.  2b  such  that  the  base  plane 
is  comprised  of  oxygen  atoms  arranged  in  a  hexagonal 
pattern,  with  adjacent  tetrahedra  sharing  oxygen  atoms. 

The  silicon  atoms  may  be  oriented  such  that  a  plane  of 
these  atoms  exists, and  a  sheet-like  particle  is  the  result. 
The  octahedral  aluminum  hydroxide  element  consists  of  a 
central  aluminum  atom  which  is  surrounded  by  both  oxygen 
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2- 

(0  )  and  hydroxyl  ((OH)  ) ions ,  and  is  commonly  called 

hydrated  alumina  (Fig.  2c) .  It  can  combine  as  shown  in 
Fig.  2d,  also  producing  sheet-like  particles  known  as 
Gibbsite.  Figure  2  also  shows  schematic  representations 
of  these  building  blocks  which  will  be  utilized  below  to 
depict  the  structure  of  the  three  major  clay  minerals. 

The  three  major  clay  mineral  groups  are  named  after 
their  predominant  mineral,  although  they  include  other 
minerals  as  well  (Table  1) .  The  kaolinites  are  typified 
by  a  combination  of  the  two  basic  building  blocks  such 
as  shown  schematically  in  Figure  3.  This  configuration 
produces  an  electrically  neutral  sheet  of  the  mineral 
kaolin  as  the  unsatisfied  oxygens  of  the  silicon  tetra- 
hedra  are  shared  by  the  hydrated  alumina  sheet  (see  Fig. 

2b  and  d) .  Continued  stacking  of  these  units  is  possible, 
however,  kaolin  normally  occurs  as  a  particle  of  .05 
micron  in  thickness,  and  from  0.5  to  1.0  micron  in  dia¬ 
meter.  The  relative  magnitude  of  bond  strengths  existing 
in  olin  particles  is  also  shown  in  Fig.  3.  Variations 
ir.  stacking  arrangements  between  these  building  blocks 
result  in  the  other  clay  minerals  of  the  kaolinite 
group . 

The  basic  structural  element  of  montmorillonites  is 

comprised  of  two  silica  tetrahedra  sheets  separated  by  a 
hydrated  alumina  sheet.  The  stacking  pattern  of  such 


Table  1 

CLAY  MINERALS  [23] 


I.  Kaolin  group 

1.  Kaolinito  AU$uOio(OH)t 

2.  Dickito  AUSUOioCOIDsI  « 

3.  Nacrite  AUSuOitKOH)*) 

4.  Halloysite,  also  known  as  raetahalloysitc,  or  halloysite 
(2H*0)  aonplaatic: 

AUSuOio<OH)s 

5.  Endellitc,  also  known  as  halloysite,  hydrated  halloysite,  or  halloysite 
(4H20)  nonplastic: 

AUSUOio(OH)*  *  4H20 

XoU:  Halloysite  (4HjO)  lows  water  between  site  and  laboratory  at 
moderate  temperatures,  to  form  metahalloysito  (2HjO)  with  different 
engineering  properties. 

6.  Allophane — amorphous  silica  aluminum  mixture 

7.  Anauxite 


II.  .Monlmorillonite  group  (inter layer  water  molecule*  omitted) 

Nao.ss 

T 


1.  Montmorillonite 

2.  BeidcJlito 
or 

3.  Beidellite 

4.  Xontronite 

5.  Nontronite 
or 


(Alt  .orM8o.a3)SUO  to(OH)s 

Nao.3* 

T 

Al2.i7(Alo.saSi3.ir)Oio(OH)s 

Nao.33 

T 

Ala.22(AliSi3)0  io(OH)s 

Nao.3J 

T 

Fes  oo(  Alo .33S13 .07)  0  to(OH) 2 
Xao.3S 

T 

Fe2.i7(Alo.saSij.t7)Oio(OH)2 


X*oj* 

T 

0.  Nontronitc  (alumiman)  Al2.22(AhSt3)Oio(OH)2 


7.  Hectorite 


8.  Saponite 


Nao.ss 

T 

(Mga.67Lio.3a)SuOto(F,  OH)s 
N«0.33 

T 

Mg3(Alo.33Sis.67)Oio(OH)i 


9.  Saponite  (alumioian) 

10.  Sauconite 

M.  Talc 

12.  PyrophyHite 


Nao.33 

r 

Ol?2.a7Alo.33)(Alo.«rSi3  33)Oto(OH)2 
Nao.33 
T 

(St3.47Alo.3.l)(Alo  22Fc0.irMs0.l8Zn2.4p) 
Oio(OIl)2 

Mg:»Si40to(OH)2 

AfoSuOioCOH)? 


HI.  I  Hite  group  (amount  of  K  present  varies) 

Kr(Ai4Kc4Mg4Mgtt)(Si8-yAly)02o(OH)4 

IV.  .Miscellaneous  minerals 

1.  Attapuigito  MS3Sis02o(OH)3  •  SH2O 

2.  Sepiolitc  (meerschaum)  ^M^SijOio 

3.  Scricite 

4.  Mixed  layer  aggregates 
3.  Wrmiculite 

*1  Glauconite 
“■  Chlorite 
3.  Diaspora 
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Hydrated  alumina  sheet 
Silica  sheet 


form  element  of  kaolin. 


Elementary  kaolin  sheets  joined 
to  form  kaolin  particle. 


Figure  3 

Structure  of  Kaolin  Particle  [23] 


montmorillonite  sheets,  as  shown  in  Fig.  4a,  forms  the 
montmorillonite  particles.  As  can  be  seen,  the  bond 
between  the  three-layered  montmorillonite  sheets  is  a 
very  weak  bond,  and  therefore  water  molecules  (which  are 
of  the  right  size)  may  easily  enter  in  the  area  of  this 
bond.  Up  to  six  layers  of  water  molecules  may  enter  at 
these  locations  and  thus  the  montmoril Ionites  have  high 
swell  potential.  Typically  montmorillonite  particles 
exist  in  very  small  particle  size  of  about  .05  micron  in 
diameter  and  with  a  diameter  to  thickness  ratio  of  up 
to  400:1  [23].  Illites  are  similar  in  composition  to 
montmoril Ionites  except  that  in  the  region  of  silica 
tetrahedra  base  planes,  potassium  ions  exist  (Fig.  4b). 

Comparatively,  the  potassium-oxygen  bonds  are 
stronger  than  the  oxygen-oxygen  bonds  present  in  the 
montmorillonites  and  thus  the  lattice  is  less  susceptable 
to  separation  and  infiltration  of  water  molecules.  The 
result  is  that  illites  swell  less  than  montmorillonites. 
Typically  illite  particles  have  diameters  of  0.05  microns 
and  a  diameter  to  thickness  ratio  of  50:1  [23]. 

C.  Mechanics  of  Swelling 

Clay  particles  exhibit  concentrations  of  electric 
charge  around  their  surface  with  this  charge  usually 
negative.  Because  of  this,  water  molecules  (which  are 
bipolar)  orient  themselves  around  the  particle  surface 


Silica  sheet 

Hydrated  alumina  sheet  •  form  element  of  montmorillonite. 
Silica  sheet 


Good  bond 
Very  poor  bond 


Potassium  molecules 


l'airly  good  bond 


Potassium  molecules 


Elementary  montmorillonite  sheets 
joined  to  form  montmorillonite 
particle. 


Elementary  illite  sheets  (same  basic 
structure  as  montmorillonite)  joined 
to  form  illite  particle. 


Figure  4 

Structure  of  Montmorillonite  and 
Illite  Clay  Particles  [23] 
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and  form  an  encircling  layer  of  molecular  water  known  as 
the  double  layer.  The  further  away  from  the  surface  of 
the  particle  a  molecule  of  water  is,  the  less  is  the 
attractive  force  acting  on  it.  Clay  particles  are  sepa¬ 
rated  from  each  other  by  these  films  of  adsorbed  water 
and  the  thicker  such  separating  layers  are,  the  more 
easily  some  of  this  water  may  be  expelled  from  the  soil. 
The  water  closest  to  the  clay  particle  is  held  tightly 
and  for  all  practical  purposes,  acts  as  a  solid.  The 
more  remotely  that  water  is  located  from  the  particle,  the 
less  viscous  it  behaves  and  the  more  freely  it  can  be  lost 
Expulsion  of  this  water  may  result,  for  example,  from  an 
increase  in  surcharge  pressure  on  the  soil  or  from  evapo- 
transpiration.  Regardless  of  the  process,  the  soil  can 
"shrink"  resulting  in  shrinkage  cracking  or  dessication. 
This  shrinkage  is  due  to  compressive  stresses  transferred 
to  the  soil  from  the  menisci  of  water  remaining  between 
clay  particles.  This  is  analogous  to  the  compressive 
forces  which  occur  in  a  capillary  tube  due  to  the  rise  of 
water  under  the  action  of  surface  tension  (see  [18]  for  a 
more  detailed  explanation) .  Similarly,  once  such  water 
is  expelled,  a  deficiency  exists  in  the  double  layer  and 
the  clay  then  has  an  affinity,  or  thirst,  for  water.  Thus 
when  moisture  becomes  available,  it  is  readily  taken  in, 
sating  this  deficiency  and  enlarging  the  double  layer. 
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As  double  layers  enlarge  and  interact,  repulsive  electro¬ 
static  forces  arise  and  expansion  of  the  overall  soil 
mass  is  the  result  [  15] . 

The  above  explanation  is  one  of  several  theories 
which  seek  to  explain  the  expansion  process.  Another, 
proposed  by  Lambe  and  Whitman,  explains  the  process  of 
expansion  in  terms  of  the  effective  stress  equation  [16] . 
Although  these  individuals  express  serious  reservations 
as  to  the  overall  validity  of  "forcing"  the  expansion 
process  to  fit  the  effective  stress  equation,  they 
suggest  that  for  clays  which  undergo  expansion  (as  a 
result  of  either  contact  with  water  or  the  removal  of 
an  effective  stress)  the  interparticle  repulsive 
pressure  R  exceeds  the  interparticle  attractive 
pressure  A.  Their  doubts  are  based  upon: 

1)  whether  the  only  net  force  transmitted  between 
adjacent  particles  is  that  derived  from  exter¬ 
nally  applied  loads 

2)  whether  all  forces  carried  by  the  soil  mineral 
skeleton  are  transferred  through  the  soil 
contact  area 

3)  whether  all  pore  water  pressure  is  transmitted 
by  the  water  area. 

(For  a  more  detailed  explanation,  see  reference  [16].) 

For  the  case  of  dispersed  clay  particles  completely  sepa¬ 
rated  by  the  double  layer  (Fig.  5):  a  *  a+u  *  R  -  A. 
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0.  DISPERSED  b-  PARTICALS  IN 

PARTICLES  CONTACT 


F  «  EXTERNALLY  DERIVED  FORCE 
A  »  ELECTRICAL  ATTRACTION 
R  -  ELECTRICAL  REPULSION 
I  «  CONTACT  INTERACTION 


Figure  5 

Forces  Between  Adjacent  Particles  [16] 


This  net  pressure  requires  some  value  of  effective  stress 
to  counteract  it,  if  a  state  of  zero  volume  change  is 
to  exist.  Expansion  can  occur  when  .his  state  of  equili¬ 
brium  is  altered,  be  it  the  result  of  a  decrease  in  the 
effective  stress,  or  an  increase  in  the  net  repulsive 
pressure,  (R-A).  This  latter  condition  can  occur  if 
additional  water  becomes  available  to  the  clay,  for 
example . 

Still  another  explanation  of  expansion  in  clays 
considers  the  difference  in  osmotic  pressure  between 
the  double  layer  surrounding  the  clay  particles  and  the 
free  water  which  surrounds  it.  Due  to  the  preferred 
electrical  orientation  of  the  double  layer,  cations  are 
present  in  it  to  a  higher  degree  than  in  surrounding 
water.  The  effect  of  these  concentrations  of  cations 
is  to  allow  them  to  function  as  a  membrane,  permeable  to 
the  flow  of  water  but  impermeable  to  the  flow  of  cations. 
The  effect  that  this  has  is  to  create  a  differential 
osmotic  pressure  between  the  double  layer  and  the  sur¬ 
rounding  water.  It  is  this  pressure  differential  which 
causes  a  repulsive  force  between  particles,  and  the 
thicker  the  double  layer  is,  the  greater  this  becomes. 

As  soil  particles  become  smaller  in  size,  their  amount 
of  surface  area  increases  per  unit  volume,  and  the  volume 
of  the  double  layer  increases  proportionately.  Also  the 
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type  cations  present  in  the  double  layer  can  influence 
the  size  of  the  double  layer.  Monovalent  cations  are 
able  to  exist  at  a  greater  distance  from  clay  particles 
in  a  given  concentration  than  are  multivalent  cations. 
Since  larger  double  layers  have  greater  capacity  to 
absorb  water,  soils  with  monovalent  double  layers  exhibit 
higher  swelling  potential.  The  combination  of  the  two 
above  conditions,  smallness  of  particle  size  and  cation 
concentration  of  the  double  layer,  can  result  in  a  very 
high  affinity  for  water  and  large  amounts  of  swelling. 
Montmorillonites  are  the  smallest  in  size  of  the  clay 
minerals  (Table  2),  and  generally  these  soils  are  more 
prone  to  swelling  than  the  kaolinites  or  illites.  Like¬ 
wise,  monovalent  montmorillonites,  such  as  sodium  mont- 
morillonite  have  even  greater  expansive  properties. 

The  above  theories  regarding  expansion  in  clays 
explain  the  phenomenon  from  different  viewpoints. 

Research  data  exists  to  support  each  one  and  thus  the 
question  of  which  one  controls  the  expansion  of  clay 
soils  cannot  be  answered.  Rather,  as  each  has  been  shown 
to  have  an  effect,  it  is  reasonable  to  assume  that  each 
plays  a  part  in  the  process.  Physical  conditions  may 
cause  one  or  the  other  to  predominate  in  any  given  situ¬ 
ation,  but  all  seem  to  play  a  role  in  the  process  to 
some  degree.  How  much  so  is  beyond  the  intent  of  this 


report.  The  purpose  of  the  foregoing  has  been  to 
briefly  review  theories  which  explain  the  mechanics  of 
the  expansion  process. 


Table  2 


CHARACTERISTIC  VALUE  RANGES  FOR  PHYSICAL 
PROPERTIES  OF  CLAY  MINERALS  [3] 


Kaolin  ne 

lUite 

Montmorillonite 

Particle 

0.5-2 

0.003  -  0.1 

Less  than 

thickness 

microns 

microns 

95  A 

Particle 

0.5-4 

0.5  -  10 

0.05  -  10 

diameter 

microns 

microns 

microns 

Specific  surface 
(sq.  meter/gram) 

10-20 

65  -  180 

50  -  840 

Cation  exchange 
capacity  (miiliequivalents 

3-15 

10-40 

70-80 

CHAPTER  III 


TESTS  FOR  THE  IDENTIFICATION  OF  EXPANSIVE  SOILS 

As  can  be  imagined  from  the  discussion  in  the 
preceding  chapter,  there  are  many  factors  which 
influence  the  swelling  of  clay  soils.  The  attempts 
to  find  means  of  identifying  such  soils  have  been 
numerous  and  have  involved  the  entire  range  of  investi¬ 
gative  tools  available  in  present  day  technology. 
Basically  these  attempts  have  fallen  into  two  distinct 
categories  :  those  methods  which  seek  to  examine  miner- 
alogically  expansive  clays  and  those  methods  which 
attempt  to  relate  the  phenomenon  of  expansion  to  either 
volume  change  characteristics  or  physical  properties 
of  such  soils.  The  former  category  has  used  techniques 
such  as:  1)  microscopic  examination  using  the  electron 
microscope,  2)  X-ray  diffraction,  3)  differential 
thermal  analysis,  4)  chemical  analysis  and  5)  dye 
adsorption  analysis.  The  latter  category  (which  will 
be  discussed  in  the  next  chapter)  has  sought  to  relate 
volume  changes  or  potential  volume  changes  to:  l)  free 
swell  testing,  2)  the  Atterberg  limits  of  the  soils, 

3)  colloid  content,  4)  linear  shrinkage  and 


5)  mechanical  measurement.  The  methods  of  each  of 
these  categories  will  be  discussed,  however,  the  former 
category  will  receive  less  attention  as  it  employs 
exotic,  research  oriented  techniques  which  are  outside 
of  the  realm  of  the  practicing  civil  engineer. 
Additionally,  although  these  techniques  provide  an 
understanding  of  the  causes  of  expansion,  they  do  not  pro¬ 
vide  the  quantitative  data  necessary  to  predict  expan¬ 
sion  potential. 

The  first  three  of  the  techniques  in  the  first 
category  (microscopic,  X-ray  and  thermal)  have  proven 
to  be  the  most  successful,  however,  no  single  technique 
is  completely  reliable,  especially  when  more  than  one 
clay  mineral  is  present  in  the  soil.  Judicious  com¬ 
bining  of  these  techniques  is  often  necessary  to  obtain 
valid  results. 

A.  Electron  Microscope 

The  advantage  that  the  electron  microscope  has 
over  a  stereoscopic  microscope  is  that  it  can  identify 
visually  the  small  clay  particles  present  in  expansive 
clays.  This  is  of  great  value  in  that  seeing  such 
particles  reduces  the  interpretative  judgment  which 
would  be  required  were  only  other  techniques  available. 
Research  has  shown  that  two  clays  may  produce  very 
similar  results  when  analysed  by  other  means  (e.g. 


X-ray  diffraction  or  differential  thermal  analysis)  and 
yet  when  viewed  with  the  electron  microscope,  differ¬ 
ences  are  clearly  discernable.  The  establishment  of 
such  differences  sheds  a  new  dimension  on  the  problem 
and  allows  investigation  of  their  significance.  The 
mineralogic  composition,  texture  and  internal  structure 
are  readily  revealed  by  using  the  electron  microscope. 
Research  has  already  shown  montmorillonites  to  be  very 
fine,  wavy  particles  (Figure  6)  while  non-swelling  clays 
appear  as  flat,  comparatively  thicker  plates.  A  typical 
electron  microscope  picture  of  kaolinite  is  shown  in 
Figure  7. 

B.  X-ray  Diffraction 

X-ray  diffraction  has  proven  to  be  a  very  satis¬ 
factory  technique  in  the  identification  of  clay  minerals 
and  to  date  is  the  most  reliable  means  for  evaluating 
clay  mixtures.  This  technique  compares  the  ratio  of 
intensities  of  diffraction  lines  caused  by  the  impinging 
of  X-rays  on  the  examined  substance  to  that  caused  by  a 
standard  substance.  Research  has  also  been  done  on 
expansive  soils  whereby  the  spacings  between  clay  par¬ 
ticles  of  an  expanded  soil  have  been  measured  as  well 
as  the  variation  that  occurs  in  these  spacings  for 
different  degrees  of  swelling.  Also,  the  changes  that 

adsorption  of  water  causes  on  these  spacings  have  also 
been  monitored  using  the  X-ray  diffraction  technique. 


C.  Differential  Thermal  Analysis 

Differential  thermal  analysis  is  a  technique  which 
simultaneously  heats  both  a  test  sample  and  a  thermally 
inert  material  at  a  constant  rate  to  a  high  temperature 
{>  1000°C)  while  continuously  monitoring  temperature 
differences  between  the  two  substances.  The  resulting 
data  is  plotted  (AT  vs  T) .  This  plot,  known  as  a  thermo 
gram,  is  then  compared  to  known  thermograms.  Similari¬ 
ties  indicate  the  presence  of  the  known  material. 
Differential  thermal  analyses  on  expansive  soils  have 
proven  not  to  be  very  definitive  by  themselves,  however, 
when  used  in  conjunction  with  other  techniques  such  as 
X-ray  diffraction  or  chemical  analysis,  this  method 
becomes  a  more  valuable  tool. 


D.  Dye  Adsorption 


Dye  adsorption  employs  dyes  or  chemical  reagents 
which  will  display  characteristic  colors  when  adsorbed 
to  identify  the  presence  of  the  clay  minerals.  Pre¬ 
treating  a  clay  sample  with  acid,  for  instance,  will 
cause  various  colors  to  be  exhibited  when  the  dye  is 
adsorbed  by  the  clay.  The  color  which  manifests  itself 
is  dependent  upon  the  base  exchange  capacity  of  the 
clay  mineral (s)  which  exist  in  the  sample.  Montmorillon 
ites  may  be  so  detected  in  concentrations  as  low  as  5%. 
However,  this  technique  is  also  most  often  used  in 
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conjunction  witn  the  other  tests,  since  its  reliability 
is  not  universally  accepted.  A  variation  of  this  tech¬ 
nique  is  to  measure  the  quantity  or  rate  of  adsorption 
of  ethelyne  glycol  and  glycerol  by  clay  minerals.  Since 
adsorption  is  related  to  the  specific  surface  area  of 
the  mineral,  montmorillonites  adsorb  proportionately 
more,  as  would  be  expected. 

Chemical  analysis  is  also  a  technique  which  is  sel¬ 
dom  used  alone,  since  it  can  be  very  affective  when 
examining  individual  clay  minerals,  but  loses  reliabil¬ 
ity  when  a  mixture  of  clay  minerals  is  involved. 

Chemical  analysis  entails  determining  the  amounts  of 
various  chemical  molecules  which  comprise  clay  minerals 
such  as  kaolinite,  illite,  or  montmorillonite.  Tables 
3  and  4  show  typical  test  results  of  such  analyses  [ 8  ] . 


Table  3 

CHEMICAL  ANALYSES  OF  KAOLINITE  MINERALS  [8] 
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1 

2 

3 

4 

- 

O 

6 

7 

SiO, 

46  90 

44  81 

45  20 

46  77 

44  59 

54.32 

48  80 

AljO, 

37  40 

37  82 

37  02 

37  79 

36  83 

29.96 

35.18 

Fe,0, 

0.65 

0.92 

0  27 

0  45 

1.14 

2.00 

1.24 

FeO 

MgO 

0  27 

0.3.5 

0  06 

0  47 

Oil 

0  24 

0.39 

0.14 

CaO 

0  29 

0  43 

0.52 

0  13 

1.02 

0  32 

0  22 

K,0 

Na-0 

0.84 

0.44 

0.49 

0.36 

1.49 

0.05 

0  32 
0.13 

0  37 

0  40 
0.25 

TiO, 

H;0  — 

H-0  + 

0.18 

0.37 

1.10 

1 .26 
1.55 

0.61 

12.18 

2.17 

0.84 

0.61 

1.16 

12.95 

14  27 

13.27 

13.63 

11.80 

12.81 

Total  .... 

99.92 

100.07 

100.47 

99.82 

100  22 

99.75 

100  67 

Kaolinite  Anauxite 

1.  Zettlitz,  Czechoslovakia  6.  Bilin,  Czechoslovakia 

2.  Mexia,  Texas  7.  lone,  California 

3.  Macon,  Georgia 

4.  St.  Austell,  England 
3.  Anna,  Illinois 

Analyses  1,  2,  6,  and  7  from  C.  S.  Ross  and  P.  F.  Kerr,  U.S.  Gent.  Surrey  Prnfese. 
Paper  165E  (19311;  3  and  4  from  P.  F.  Kerr  et  a/..  Kept.  7.  American  Petroleum 
Institute  Project  49  (1930);  5  from  R.  E.  Grim,  Econ.  Geol.,  29,  659-4170  (1934). 


Table  4 

CHEMICAL  ANALYSES  OF  MONTMORILLONITE  MINERALS  [8] 


1 

2 

3 

4 

5 

6 

7 

SiO, 

52  09 

50.30 

50  20 

51.14 

55.44 

57.55 

49  91 

A1,0, 

18.98 

15.96 

16.19 

19.76 

20.14 

19.93 

17  20 

Fe,0, 

0  06 

0.86 

4.13 

0.83 

3.67 

6.35 

2.17 

FeO 

0  30 

0  05 

0  26 

MgO 

3.80 

6.53 

. 

4.12 

3  22 

2.49 

3.92 

3.45 

CaO 

3.28 

1.24 

2.18 

1.62 

0  50 

1.94 

2.31 

K,0 

0  45 

0.16 

0.11 

0  60 

0  59 

0  28 

Na,0 

1.19 

0.  17 

0.04 

2.75 

0  33 

0  14 

TiO, 

0  20 

0. 10 

0.32 

0  24 

H,0  — 

14.75 

15.58 

14.81 

15  77 

H,0  + 

7.46 

>  40  O  l 

7.57 

7.99 

8.53 

7  70 

Total ,  .  . 

100  42 

100. 14 

100  50 

99.52 

100.69 

100.41 

99.43 

Montmorillonite 

1.  Tatatilla,  Mexico  5.  L'pton,  Wyoming 

2.  Otay,  California  6.  Pontotoc,  Mississippi 

3.  Polkville,  Mississippi  7.  Chambers,  Arizona 

4.  Mentmorillon,  France 

Analyses  1  to  5  from  C.  S.  Ross  and  S.  B.  Hendricks,  f’.S  Geol.  Surrey  Profene. 
Paper  205B  (1945);  6  from  R.  E.  Grim  and  R.  A.  Rowland,  .tm.  Mineral.,  27,  746-761 
(1941);  7  from  P.  F.  Kerr  et  al.,  Rcpt.  7,  American  Petroleum  Institute  Project  49 
(1950). 
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CHAPTER  IV 


EMPIRICAL  AND  EXPERIMENTAL  METHODS  OF 
PREDICTING  EXPANSION 

Many  attempts  have  been  made  to  predict  swelling 
characteristics  of  expansive  soils  based  on  simple 
index  parameters.  All  have  been  able  to  predict,  with 
varying  degrees  of  accuracy,  such  characteristics.  Yet, 
no  one  method  has  proven  totally  satisfactory,  and  no 
one  method  is  a  standard.  Some  of  these  methods  are 
reviewed  below  and  are  followed  by  an  explanation  of 
the  analysis  method  to  be  used  in  this  paper. 

A.  Free  Swell  Index 

The  free  swell  test  is  one  method  of  measuring 
the  potential  swelling  of  a  soil.  A  known  volume  of 
dry  soil  is  poured  into  a  graduate  which  is  filled  with 
water.  The  loose  soil  is  given  sufficient  time  to  settle 
to  the  bottom  of  the  graduate  and  then  the  swelled  vol¬ 
ume  of  the  soil  is  measured.  The  percent  of  free  swell 
is  calculated  from  the  equation  : 

jv,  -  V. 

Free  Swell  -  I  -r^~ - - 

a 
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where  V\  is  the  initial  soil  volume  and  V^  is  the 
final  soil  volume.  The  results  achieved  from  this 
test  have  not  proven  to  be  closely  correlated  to  volume 
changes  observed  in  more  controlled  expansion  testing, 
and  therefore  the  results  of  this  test  are  very  general. 
It  has  been  observed  that  soils  which  exhibit  free  swell 
percentages  of  less  than  50%  seldom  exhibit  appreciable 
volume  changes  even  under  light  confining  pressures . 

Soils  exhibiting  free  swell  values  as  low  as  100%  have 
been  known  to  experience  considerable  expansion  when 
subjected  to  light  confining  pressures.  Values  of  1200% 
to  2000%  have  been  observed  for  highly  swelling  soils 
such  as  bentonite  [20].  The  wide  ranges  above  show 
that,  at  best,  this  is  only  an  indicator  type  test  and 
the  test  results  should  be  used  judiciously. 

B.  Potential  Volume  Change  Method 

Another  method  of  identification  of  potentially 
swelling  soils  is  the  potential  volume  change  (PVC) 
method  developed  by  Lambe  in  work  done  for  the  Federal 
Housing  Administration  [13].  This  method  utilizes 
remolded  soil  samples  which  are  first  compacted  in  a 
fixed  ring  consolidometer  under  a  compactive  effort 
of  55,000  ft- lbs  per  cubic  foot,  and  then  subjected  to 
a  200  psi  confining  pressure.  Water  is  added  and  the 
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sample  is  allowed  to  expand  with  the  vertical  expansion 
being  monitored  by  a  proving  ring.  After  a  2  hour  time 
period,  the  proving  ring  reading  is  taken  and  converted 
to  a  value  of  pressure.  This  value  is  designated  the 
swell  index,  and  utilizing  Fig.  8,  this  value  is  con¬ 
verted  to  a  "PVC"  value.  Based  upon  this  PVC  value  the 
following  classification  guide  can  be  used  : 


PVC  Rating 


Category  of  Expansion 


2 

2-4 

4-6 

6 


non-critical 
marginal 
critical 
very  critical 


Although  this  method  has  seen  fairly  wide  usage,  this 


classification  is  only  a  means  of  comparing  the  swelling 


potential  of  various  soils  and  does  not  give  a  measure 


of  the  true  swelling  potential  of  any  particular  soil. 


C.  United  States  Bureau  of  Reclamation  Method 

In  a  paper  published  in  1956,  Holtz  and  Gibbs 
correlated  uplift  pressures  and  volume  changes  occurring 
in  samples  of  expansive  soils  to  three  simply  determined 
properties.  These  properties  are  colloid  content, 
plasticity  index,  and  shrinkage  limit.  After  their  original 
attempts  to  correlate  the  results  of  free  swell  tests  and 
volume  changes  (as  determined  by  laboratory  tests) 
produced  only  very  general  results,  Holtz  and  Gibbs 


POTENTIAL  VOLUME  CHANGE  (PVC) 


Figure  8 

Swell  Index  versus  Potential  Volume  Change 
(From  "FHA  Soil  PVC  Meter  Publication," 
Federal  Housing  Administration  Publication 
No. 701)  [3] 
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settled  on  these  three  index  properties .  These  results 
show  that  when  considered  together,  these  index  proper¬ 
ties  enable  good  prediction  of  the  expansive  character 
of  soils. 

The  colloid  content,  determined  from  the  gradation 
test,  provides  a  measure  of  the  "active"  portion  of 
tne  soil  which  is  most  responsible  for  expansive 
characteristics.  The  plasticity  index  provides  a  mea¬ 
sure  of  the  range  of  moisture  change  a  soil  can  undergo 
and  still  remain  in  a  plastic  condition.  Since  any 
water  either  in  pore  water  form  or  adsorbed  form  occupies 
a  certain  volume,  changes  in  moisture  content  are  also 
reflected  in  volume  changes.  Higher  plasticity  index 
values  correspond  to  more  active  soils.  The  shrinkage 
limit  was  seen  as  a  supplemental  parameter  and  since  it 
is  indicative  of  the  minimum  volume  to  which  a  soil 
will  shrink,  this  parameter  provides  a  measure  of  the 
percentage  of  water  which  would  be  necessary  to  fill 
voids  in  a  soil  when  it  is  at  its  minimum  volume.  With 
these  principles  in  mind,  tests  were  conducted  on  38 
undisturbed  samples  of  soil.  The  testing  was  done  on 
samples  which  were  air  dried  and  then  allowed  to  become 

i 

saturated  under  a  confining  load  of  1  psi  in  a  1-D 
consolidometer.  Figure  9  shows  the  test  results  and 
the  classification  of  volume  change  in  qualitative  terms. 


Relation  of  Volume  Change  to  Colloid  Content, 
Plasticity  Index  and  Shrinkage  Limit  [10] 


From  this  data,  Table  5  was  derived  and  this  summarizes 
the  classification  of  degree  of  expansion  in  terms  of 
the  three  parameters.  Holtz  and  Gibbs  also  examined 
other  parameters  as  a  means  of  predicting  swelling 
characteristics  (i.e.,  %  of  particles  smaller  than 
.005  mm,  liquid  limit,  free  swell,  and  montmorillonite 
content)  but  decided  that  the  aforementioned  three 
parameters  were  more  advantageous  for  the  estimation 
of  swelling  characteristics,  in  that  they  were  simpler 
and  more  practical. 


D.  Altmeyer's  Shrinkage  Limit  Method 

Work  done  by  Altmeyer  has  resulted  in  another, 
although  similar,  classification  guide  to  that  prepared 
by  Holtz  and  Gibbs.  Altmeyer  sought  to  correlate  swell¬ 
ing  to  easily  determined  parameters.  Like  Holtz  and 
Gibbs,  he  too  considered  X-ray  diffraction,  microscopic 
examination  and  differential  thermal  analysis  as  too 
costly,  in  time  and  capital,  to  be  of  any  practical 
value  to  practicing  engineers.  His  analysis,  thus ,  is 
based  on  more  routine  and  simple  tests. 

The  shrinkage  limit  parameter  was  utilized  by 
Altmeyer  but  within  tighter  ranges  than  by  Holtz  and 
Gibbs.  Whereas  the  latter  proposed  shrinkage  limit 
percentages  of  less  than  10%  to  be  associated  with  a  very 
high  degree  of  expansion  and  13%  to  show  low  degrees  of 


expansion,  Altmeyer  proposed  the  following: 

Shrinkage  Limit  (%)  Volume  Change 

<  10  critical 

10-12  marginal 

>  12  noncritical 

Altmeyer  does  not  utilize  the  colloid  percentage  in 
his  classification  scheme,  in  that  the  hydrometer 
analysis  test  required  to  determine  this  parameter  is 
required  in  order  to  classify  soils  under  the  Unified 
Soil  Classification  system.  To  determine  this  parameter, 
more  than  "routine"  laboratory  testing  would  be  required 
by  engineering  firms,  and  based  upon  the  nondistinct 
discrimination  which  these  values  provide  (as  presented 
by  Holtz  and  Gibbs)  they  would  be  of  questionable  worth 
in  any  event.  Altmeyer  further  contends  that  knowledge 
of  colloid  content  alone  is  insufficient,  and  a  con¬ 
current  determination  of  the  minerals  that  such  a  colloid 
content  represents  (e.g.,  kaolinite,  illite,  or  montmor- 
illonite)  is  vital  if  this  parameter  is  to  be  useful  in 
predicting  or  classifying  swell  characteristics.  Hence, 
he  proposes  using  the  parameter  linear  shrinkage,  which 
is  the  percentage  of  linear  shrinkage  which  a  soil  mass 
experiences  when  it  is  reduced  from  some  upper  moisture 
value  (generally  the  field  moisture  content)  to  the 
shrinkage  limit.  The  shrinkage  limit  is  the  lower 
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moisture  content  limit  below  which  no  volume  change 
occurs  in  the  soil  sample.  From  testing  on  large  numbers 
of  samples  in  the  greater  Los  Angeles  area,  Altmeyer 
proposes  the  following  classification  scheme: 


Linear  Shrinkage  (%)  Volume  Change 

>  8  critical 

5-8  marginal 

<  5  noncritical 

The  last  classification  scheme  offered  by  Altmeyer  is 

based  upon  volume  changes  observed  under  testing  of 

specimens  in  fixed  ring  consolidometers  under  loads  of 

650  PSF.  This  value  of  normal  load  was  selected  as 

representative  of  dead  loads  on  footings  of  wooden  framed 

single  story  structures.  Considering  that  the  expansion 

realized  is  highly  dependent  on  moisture  content  and 

densities  (Figure  10)  several  representative  combinations 

of  these  parameters  were  examined  and  the  following  scheme 

was  proposed. 


% 


Expansion 


3 


Volume  Change 


>  1.5 
.5  -  1.5 
<  .5 


critical 

marginal 

noncritical 


^These  values  are  substantially  less  than 
those  presented  by  Holtz  and  Gibbs  but  are  attributable 
to  the  higher  confining  pressure  of  650  PSF  vs  144  PSF 
used  by  Holtz  and  Gibbs. 


Moisture  Content  -  percent  of  dry  weight 


Figure  10 

Percentage  of  Expansion  for  Various 
Placement  Conditions  when  Under 
1-lb.  per  sq.  in.  Load  [10] 
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Seed,  Woodward  and  Lundgren  "Activity"  Method 
The  approach  of  Holtz  and  Gibbs  provided  a  valuable 
means  of  predicting  swelling  characteristics.  However, 
as  pointed  out  by  Seed,  Woodward  and  Lundgren  (Table  6) 
prediction  of  swelling  using  this  method  can  result  in 
conflicting  conclusions.  It  was  such  inconclusiveness 
in  prediction  which  prompted  these  individuals  to  seek 
a  more  reliable  method  of  predicting  expansive  character¬ 
istics. 

To  begin  their  analysis,  a  differentiation  between 
the  "swell"  and  the  "swelling  potential"  of  a  soil  was 
made.  Using  the  conclusions  found  by  Holtz  and  Gibbs 
that  the  swell  of  a  soil  is  influenced  not  only  by  soil 
classification  indices,  but  by  such  factors  as  emplace¬ 
ment  condition  (dry  density  and  water  content  -  see 
Fig.  10) ,  the  method  of  placement  and  environmental 
conditions  (i.e.,  the  availability  of  moisture),  Seed, 
Woodward  and  Lundgren  divided  the  expansion  character¬ 
istics  of  any  soil  into  two  distinct  parts.  The  first 
is  what  they  termed  swelling  potential  of  the  soil, 
which  is  a  measure  of  the  ability  or  the  capacity  of 
the  soil  constituents  to  promote  swelling.  The  second 
is  the  degree  to  which  this  capacity  is  realized  in 
actual  soils  in  the  field,  as  dictated  by  the  environ¬ 
mental  and  placement  conditions.  They  limited  them¬ 
selves  to  examining  the  former  of  these  factors,  and 


further  conducted  testing  on  laboratory  prepared  samples 
in  order  to  avoid  soil  variability  which  would  have  been 
included  had  they  used  only  natural  soils.  Seven  differ¬ 
ent  clay  "soils"  were  prepared  by  combining,  in  varying 
proportions,  the  three  basic  clay  minerals,  kaolinite, 
illite  and  montmorillonite  (the  latter  in  the  form  of 
Wyoming  betonite) .  Swell  potential  was  then  defined  as 
the  percent  swell  of  a  laterally  confined  sample  on 
soaking  under  a  1  psi  surcharge  after  being  compacted  to 
maximum  density  at  optimum  water  content  in  the  standard 
AASHO  compaction  test.  In  addition  to  the  swell  poten¬ 
tial,  liquid  limit,  plastic  limit,  shrinkage  limit  and 
grain  size  distribution  were  determined  for  each  soil. 

The  laboratory  soils  were  prepared  and  for  each 
soil  type,  the  amount  of  swell  exhibited  by  each 
increased  as  the  percentage  of  clay  increased.  These 
increases  were  found  to  be  such  that  on  a  log-log  plot 
of  swell  percent  versus  percent  clay  size  (<.002  mm) 
each  soil  plotted  as  a  straight  line  (Fig.  11) .  The 
equation  describing  these  lines  takes  the  general  form: 

S  =  KCX  or  log  S  =  Log  K  +  x  log  C 

where  S  =  swelling  potential  measured  as  the  percent 
swell  under  1  psi  for  samples  prepared  at  optimum 
moisture  content  and  maximum  density  in  the  Standard 
AASHO  compaction  test.  C  =  percent  clay  sizes 
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(<  .002  mm);  x  =  slope  of  the  line;  and  K  =coefficient 
evaluated  by  the  value  of  S  when  C  =  l%,(i.e.,  the 
S  axis  intercept) . 

Interestingly  enough  all  of  the  samples  produced 

lines  which  when  plotted  were  parallel  to  each  other. 

The  exponent  X  was  determined  to  be  very  nearly  3.44  for 

each  soil  and  assumed  to  be  a  constant  for  any  type  clay. 

Thus  the  coefficient  K  wa3  determined  to  be  the  only 

factor  differentiating  any  two  clays.  Evaluating  this 

K  for  these  test  soils  indicated  that  as  the  swell 

potential  increased  so  did  the  numerical  value  of  K. 

In  order  to  establish  a  simpler  means  of  evaluating 

the  K  for  each  soil,  a  relationship  between  K  and  the 

activity  of  the  soil  was  explored.  The  activity  of  a 

soil  is  a  parameter  which  was  introduced  in  1953  by 

A.W.  Skempton  and  defined  as  the  ratio  of  the  plasticity 

index  to  the  clay  size  fraction  of  a  soil.  Thus  plots 

of  plasticity  index  versus  percent  clay  sizes  were  made 

for  these  soils  as  shown  in  Figure  12.  It  can  readily 

be  seen  that  these  lines  did  not  originate  at  the  origin 

of  this  plot  (Skempton  had  extrapolated  his  data  points 

and  found  them  to  originate  at  the  origin.  See  reference 

[24].)  And  so  the  definition  of  "activity"  was  refined  to 

be  the  ratio  of  the  change  in  plasticity  index  to  the 

API 

change  in  clay  content  .  It  is  thus  a  more  general 


Plasticity  Index 


Figure  12 

Relationship  Between  Plasticity  Index  and 
Percent  Clay  Sizes  for  Experimental  Soils  [22] 
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definition  in  that  the  line  relating  plasticity  index 
to  percent  clay  content  does  not  have  to  pass  through 
the  origin.  Figures  12  and  13  indicate  that  there 
indeed  should  be  a  relation  between  activity  and  the 
value  K,  as  each  clay  retained  the  same  relative 
position  on  each  plot.  Furthermore,  plotting  the  value 
of  K  from  Figure  11  versus  activity  (slope  of  line  in 
Figure  12)  on  log-log  scale  produced  a  straight  line 
relationship  verifying  a  relationship  (Fig.  14) .  From 


this  plot  it  was  found  that: 


-5  ,2.44 


K  -  CA*  -  3.6  *  10  A 


Substituting  this  value  into  the  earlier  equation 


resulted  in 


S  =  (3.6  x  10"5)  (A2'44)  (C3*44) 


(eqn.l) 


as  an  expression  of  the  swelling  potential  of  any  soil. 
Further,  a  family  of  curves  on  an  activity  versus  per¬ 
centage  clay  sizes  plot,  which  separates  swelling  poten¬ 
tial  qualitatively  (i.e.  low,  medium,  high,  and  very 
high)  was  developed  for  practical  engineering  use 
(Fig.  15). 

Since  these  results  had  been  obtained  using 
artifically  prepared  soils,  the  results  were  applied 
to  a  series  of  natural  soils  in  order  to  verify  their 
applicability.  In  order  to  determine  the  "activity"  of 
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a  soil  as  defined  above  (-^-)  and  not  have  to  undertake 
the  testing  required  to  generate  a  curve  like  Figure  14, 
the  authors  proposed  re-defining  activity  as  PI/C-10  for 
artifically  prepared  soils  and  PI/C-5  for  natural  soils. 
(See  reference  [22]  for  more  detailed  explanation.) 

Using  this  relationship,  the  authors  found  excellent  corre¬ 
lation  between  their  family  of  curves  for  qualitative 
prediction  and  some  27  natural  soils  (Fig.  16) .  They  thus 
propose  Fig.  15  as  a  guide  for  the  prediction  of  swelling 
potential. 

F.  Seed,  Woodward  &  Lundqren "Plasticity”  Method 

From  the  soil  test  results  obtained  above,  a  trend 

was  seen  to  exist  between  swell  potential  and  plasticity 

index  (Fig.  17) .  In  light  of  this,  predictive  equations 

were  sought  relating  these  two  quantities.  Utilizing  the 

PI 

redefinition  of  A  =  and  inserting  this  into  the 

2  44  A  A 

equation  S=KA  '  results  in  the  expression 

S  =  K  (PI2 ’ 44  )N  where  N  = C3 • 44/ (C-n) 2  *  44 .  When  the 

value  of  N  is  plotted  versus  percent  clay  sizes  for 

various  n  values,  the  curves  on  Fig.  18  are  obtained. 

For  n  = 10  (which  was  the  average  value  assumed  for 

artifical  soils  used  in  the  research),  N  is  a  relative 

constant  value  for  percent  clay  sizes  between  19%  and 

70%,  varying  between  80  and  120.  Thus,  using  N  =  100 

3  average 

for  soils  with  clay  contents  in  this  range,  swell  potential 


Applicability  of  Chart  for 
Classification  of  21 
Experimental  Soils  [22] 
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20  30  40  50  6C 

Plastic  Index 


Figure  17 


Relation  of  Swell  Potential  to 
Plasticity  Index  [22] 


2  44 

may  be  obtained  using  the  formula  S  =  100K(PI)  * 

Likewise,  using  N=5  (which  the  authors  proposed  as  an 

average  value  for  natural  soils),  N  =60  for  soils 

average 

in  the  clay  content  range  of  8%  to  65%.  Consequently 
2  44 

S  =  60  K (PI )  '  is  a  good  approximation  for  natural 
soils  in  this  range.  Agreement  of  these  equations  were 
found  to  be  +  20%  and  +  33%  respectively  when  compared 
to  values  obtained  utilizing  formula  (1) . 


G.  Vijayvergiya  and  Ghazzaly  Method 

Another  effort  to  predict  swelling  potential  of 
clays  was  made  by  Vijayvergiya  and  Ghazzaly  in  which 
they  examined  clay  samples  with  the  intent  of  correlating 
the  swelling  potential  to  routine  physical  properties  or 
classification  categories.  The  difference  in  this  and 
earlier  attempts  is  that  their  test  samples  were  all 
natural  clays  as  opposed  to  prepared  clay  samples  used 
for  testing  in  other  efforts. 

Having  reviewed  other  research  attempts  made  to  pre¬ 
dict  the  behavior  of  natural  expansive  clays,  the  authors 
selected  several  easily  determined  soil  index  properties 
for  further  examination.  Since  previous  research  had 
shown  the  plasticity  index  to  be  of  value  in  examining 
swe’ ling  behavior  (qualitatively  reflecting  the  amount 
and  type  of  clay  mineral  present  in  the  soil)  and  also 
since  there  is  a  linear  relation  between  plasticity  index 
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and  liquid  limit,  liquid  limit  was  selected  as  one  of 
the  parameters  to  be  examined.  Since  highly  dessicated 
clay  soils  which  have  great  expansive  characters  are 
generally  quite  dense  and  have  comparatively  low  moisture 
contents,  these  two  parameters  were  also  felt  to  be  worthy 
of  examination. 

The  test  data  was  comprised  of  soil  testing  results 
from  published  works  as  well  as  results  from  the  case 
files  of  McClelland  Engineers,  Inc.  of  Houston,  Texas. 
Geographically  nearly  89%  of  the  270  samples  were  Texas 
soils  and  the  remainder  represented  Israel,  California, 
Oklahoma  and  Arkansas.  Additionally,  the  undisturbed 
samples  selected  were  from  depths  of  less  than  10  feet 
so  as  to  minimize  the  effects  of  stress  relief.  The 
soils  all  fell  above  the  "A"  line  of  the  Unified  Soil 
Classification  System.  The  soils  were  separated  in  terms 
of  liquid  limits  into  groupings  having  a  range  of  +  2 
(i.e.  for  analysis  purpose  LL=50  covers  the  range 
48  to  52) .  Analysis  was  done  and  correlations  developed 
between  percent  swell  and  water  content,  percent  swell 
and  dry  unit  weight,  swell  pressure  and  water  content, 
and  swell  pressure  and  dry  unit  weight.  In  each  case, 
the  liquid  limit  values  served  as  an  additional  discrimi¬ 
nator.  Once  data  points  were  plotted,  straight  lines 
were  fitted  and  a  family  of  curves  was  obtained,  from 
which  predictive  equations  were  extrapolated  (Figures 


19  and  20) .  The  Figures  show  a  nice  correlation  and  the 
authors  reported  correlations  factors  of  0.7  or  better 
for  these  lines.  They  conclude  from  their  analysis  that 
the  above  mentioned  parameters  can  be  used  to  predict 
either  swelling  pressure  or  percent  swell,  although  they 
place  more  confidence  in  the  correlations  using  water 
content  than  those  using  dry  density,  as  they  feel  the 
former  can  be  more  reliably  determined. 

H.  Chen's  Analysis 

In  his  text  on  expansive  soil  Chen  recognizes,  as 
have  others,  the  problems  caused  by  expansive  soils  and 
that  no  definite  method  of  measuring  the  swelling  poten¬ 
tial  has  been  established.  The  correlation  of  results 
from  each  effort  has  been  hampered  by  different  defini¬ 
tions  used  to  express  swelling  potential.  Additionally, 
there  is  a  multitude  of  mineralogical  factors  which 
affect  the  swelling  potential  of  a  natural  soil,  and 
this  large  number  of  variables  further  clouds  the  issues. 

Environmental  factors  such  as  surcharge  pressure, 
direction  and  degree  of  saturation,  initial  moisture 
content,  soil  strata  thickness,  in  situ  dry  density, 
and  time  also  have  an  influence  on  the  amount  of  swell 
which  is  realized.  Consequently,  Chen  concludes  that 
any  attempt  to  predict  swelling  potential  in  light  of 
this  plethora  of  variables  will  be  extremely  difficult. 


Figure  19 

Correlation  of  Percent  Swell  with 
Liquid  Limit  and  Dry  Unit  Weight  [27] 
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if  not  unreliable.  He  therefore  seeks  to  prove  that 
another  parameter,  namely  swell  pressure,  will  be  more 
reliable  in  predicting  swelling  behavior  than  will 
swell  potential.  To  do  this  he  conducts  a  series  of 
tests  on  a  specific  expansive  soil  sample  found  in 
Denver,  Colorado,  varying  only  one  variable  at  a  time 
and  measuring  swelling  performance.  For  the  following 
tests,  the  swelling  pressure  remained  a  constant, 
within  experimental  error: 

a.  varying  the  percent  saturation  while  keeping 
initial  density  and  moisture  content  constant 
(Figure  21  and  Table  7) 

b.  varying  moisture  content  while  maintaining 
initial  density  constant  (Figure  22  and  Table  8) 

c.  varying  sample  thickness  while  keeping  initial 
density  and  moisture  contents  constant  (Figure  23 
and  Table  9) . 

However,  when  initial  density  was  increased  for  constant 
initial  moisture  content,  a  marked  increase  in  the 
swelling  pressure  was  also  noted  (Figure  24  and  Table  10) . 
This  series  of  tests  allowed  Chen  to  conclude  that  the 
swelling  pressure  is  essentially  a  constant  for  a  given 
soil  and  varies  only  as  the  dry  density  changes  (Fig.  25) . 
Hence,  for  undisturbed  soils  the  in  situ  dry  density  can 
be  used  to  quantify  the  swelling  pressure  and  thus  the 


Table  7 


EFFECT  OF  VARYING  DEGREE  OF  SATURATION  ON  VOLUME  CHANGE 
AND  SWELLING  PRESSURE  FOR  CONSTANT  DENSITY  AND  MOISTURE 
CONTENT  SAMPLES  [31 


Figure  21 

Relationship  Between  Degree  of  Saturation  and  Volume 
Increase  for  Constant  Density  and 
Moisture  Content  Samples  [3] 


Table  8 

EFFECT  OF  VARYING  MOISTURE  CONTENT  ON  VOLUME  CHANGE  AND 
SWELLING  PRESSURE  FOR  CONSTANT  DENSITY  SAMPLES  [3] 


Figure  22 

Relationship  between  Initial  Moisture  Content 
and  Volume  Increase  for  Constant  Density  Samples  [3] 


Table  9 


EFFECT  OF  VARYING  SAMPLE  THICKNESS  ON  VOLUME  CHANGE 
AND  SWELLING  PRESSURE  FOR  CONSTANT  DENSITY  AND 
MOISTURE  CONTENT  SAMPLE  [3] 


Figure  23 

Relationship  Between  Sample  Thickness  and 
Volume  Increase  for  Constant  Density  and 
Moisture  Content  Samples  [3] 


Figure  24 

Relationship  Between  Density  and  Volume  Increase 
for  Constant  Initial  Moisture  Content  Samples  [3] 


swell  characteristics  of  a  given  soil.  Among  other  con¬ 
clusions,  Chen  felt  that  although  only  one  soil  was  so 
tested,  all  expansive  soils  will  behave  in  similar 
fashion,  and  that  swelling  pressure  is  the  basic  physical 
property  of  expansive  soils. 


CHAPTER  V 


DATA  ANALYSIS  AND  CONCLUSIONS 

A.  Purpose  and  Analysis  Method  Selection 

The  purpose  of  this  report  is  to  provide  a  means  of 
predicting  the  swelling  characteristics  of  soils  found 
in  the  Rocky  Mountain  area.  In  order  to  accomplish  this, 
a  base  of  data  was  required  for  analysis.  Mr.  Fu  Hua  Chen 
of  Chen  and  Associates,  Inc.,  a  consulting  soils  engineer¬ 
ing  firm  in  Denver,  Colorado,  provided  access  to  the 
records  of  his  firm.  Utilizing  this  data,  two  methods 
of  predicting  swelling  characteristics  of  these  soils 
have  been  examined.  The  selection  of  these  methods  is 
explained  below. 

Chen's  testing  [3]  shows  swelling  pressure  to  be  a 
unique  property  of  a  soil  which  is  useful  in  the  estima¬ 
tion  of  soil  swelling.  Thus,  this  parameter  is  incorpo¬ 
rated  into  the  analysis  methods  used  herein.  Vijayvergiya 
and  Ghazzaly  [27]  predict  swelling  pressures  using  dry 
density  and  liquid  limit  values,  and  their  method  serves 
as  one  of  the  methods  used  in  this  report.  The  second 
method  to  be  used  parallels  the  first,  except  that 
instead  of  using  the  liquid  limit  value  as  the  discrimi¬ 
nating  parameter,  a  parameter  PI/-200  is  introduced.  The 
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activity  parameter  (Pi/percentage  of  clay  sized  particles) 
would  have  been  used  as  the  results  of  Seed,  Woodward  and 
Lundgren  [22]  indicate  that  it,  too,  is  useful  in  the  pre¬ 
diction  of  soil  swelling.  However,  the  empirical  data 
of  Chen  and  Associates,  Inc.  do  not  include  the  percen¬ 
tage  of  clay  sized  particles,  and  thus,  a  determination 
of  activity  for  each  soil  is  not  possible.  Chen  [3]  con¬ 
tends  that  the  percentage  of  particles  passing  the  #200 
sieve  is  useful  in  predicting  expansion  (Table  11) .  Thus 
the  parameter,  PI/-200,  which  relates  plasticity  index 
to  the  percentage  of  particles  passing  the  #200  sieve, 
is  proposed.  This  parameter  (a  "pseudo  activity")  is 
used  in  conjunction  with  dry  density  to  predict  swelling 
pressures  in  the  second  analysis  method. 

B.  Data  Acquisition 

Appendix  A  summarizes  the  data  selected  from  Chen's 
files.  For  convenience,  the  data  is  arranged  according 
to  increasing  values  of  liquid  limit.  Four  items  of 
information  are  required  .  r  any  soil  sample  to  be 
included  among  the  data  in  Appendix  A.  The  dry  density, 
liquid  limit,  percentage  of  the  sample  which  passes  the 
#200  sieve,  and  the  results  of  a  swell-consolidation  test 
are  required.  The  combination  of  this  data  allows  for 
the  classification  of  the  sample  according  to  the 
Unified  Soil  Classification  System  (USCS)  and  also  meets 
the  needs  of  the  analyses  outlined  above.  All  soil 
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Tahle  11 

DATA  FOR  MAKING  ESTIMATES  OF  PROBABLE  VOLUME 
CHANGES  FOR  EXPANSIVE  SOILS  [3] 


Laboratory  and  Held  data 

Probable 
expansion, 
percent  total 
volume  change 

Swelling 

pressure. 

ksf 

1  Degree 

! 

1  expansion 

Percentage 
passing  No. 

:00  sieve 

Liquid 

limit. 

percent 

Standard 
penetration 
resistance, 
blows/  ft 

>35 

>60 

>30 

>10 

>30 

Very  high 

60-95 

40-60 

30-30 

3-10 

5-30 

High 

30-60 

30-40 

10-20 

1-5 

3-5 

Medium 

<30 

<30 

<30 

<  1 

1 

_ 1 

low 
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samples  which  exhibit  swelling  fall  above  the  "A"  line 
in  the  USCS  scheme.  The  files  of  Chen  futher  distinguish 
these  soils  into  clays  and  claystones.  The  distinction 
is  that  claystones  represent  samples  of  sedimentary  rocks 
which  are  high  in  montmorillonite  content.  Bedrock  snales 
of  the  Pierre,  Laramie  and  Denver  formations  are  examples 
of  this  type  of  rock,  and  are  common  in  the  Rocky  Mountain 
region.  These  claystones  can  exhibit  significant  degrees 
of  swelling.  Thus  the  data  shown  in  Appendix  A  is  grouped 
into  clays  and  claystones . 

The  values  of  liquid  limit,  natural  dry  density  and 
the  percentage  passing  the  #200  sieve  are  taken  as 
reported  in  the  records  of  Chen  and  Associates .  The  value 
of  swelling  pressure  for  each  sample  is  interpolated  from 
a  plot  of  the  swell-consolidation  test,  and  thus  involves 
some  judgement  on  the  part  of  the  author.  A  typical  swell 
test  is  shown  in  Figure  26.  The  manner  of  determining 
swelling  pressure  is  shown  on  this  figure,  and  is  further 
explained  in  Section  C. 

C.  Test  Procedures  and  Apparatus 

There  is  at  present  no  universally  used  test  for  the 
determination  of  swelling  characteristics  of  a  soil,  and 
consequently  research  results  are  not  readily  correlated. 
The  testing  done  by  Chen  and  Associates,  Inc.  is  con¬ 
ducted  at  a  confining  pressure  of  1000  psf  (6.94  psi) , 


Determination  of  Swelling  Pressure  from  Results  of 
Typical  Swell  -  Consolidation  Test 


and  thus  all  values  presented  herein  are  for  this  confining 
pressure.  The  test  procedure  used  to  generate  the  data  is 
to  place  an  undisturbed  sample  in  a  consolidometer  under 
the  above  1000  psf  surcharge  for  24  hours,  and  record  the 
deformation.  The  sample  is  then  allowed  to  become  satu¬ 
rated  while  still  under  this  surcharge  load,  and  measure¬ 
ments  of  the  expansion  are  recorded.  Once  all  swelling 
has  taken  place,  the  load  on  the  sample  is  increased,  and 
measurements  of  the  resulting  volume  changes  are  made. 
Successive  increases  in  the  surcharge  load  allow  for  the 
determination  of  the  "reloading"  portion  of  the  curve 
shown  in  Figure  26.  The  intersection  of  this  portion  of 
the  curve  with  the  abscissal  line  (i.e.,  return  of  the 
sample  to  its  initial  volume  prior  to  saturation)  yields 
the  swelling  pressure  of  the  soil.  The  test  apparatus 
most  often  used  in  this  process  is  the  simplified  lever - 
type  consolidometer  shown  in  Figure  27. 

D.  Data  Analysis 

For  each  of  the  soil  categories  (i.e.,  clays  and 
claystones)  two  analyses  are  accomplished.  The  first 
follows  the  method  of  Vijayvergiya  and  Ghazzaly.  Soils 
in  each  category  are  first  separated  into  ranges  of  liquid 
limit  (e.g.  20-29,  30-39,  40-49  etc.),  and  are  then 
plotted  on  a  semi- logarithmic  scale  of  swelling  pressure 
versus  natural  dry  density.  Once  all  data  points  within 
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a  given  range  are  plotted,  straight  lines  are  fitted  to 
the  data  by  linear  regression  analysis,  as  well  as  visually 
(see  Figures  28-32  for  typical  results) .  The  purpose  of 
the  dual  fitting  of  lines  is  to  see  if  a  more  reliable 
method  than  the  visual  one  used  by  Vijayvergiya  and 
Ghazzaly  will  produce  the  same  parallelism  of  lines  which 
these  individuals  achieved  (Figs.  19  and  20).  The  results 
obtained  by  utilizing  the  linear  regression  process  do  not 
produce  this  nice  parallelism  (Figs.  33  and  39).  Subse¬ 
quent  linear  regression  analyses  conducted  on  the  data 
used  by  Vijayvergiya  and  Ghazzaly  also  do  not  produce  this 
parallelism.4 

Although  the  family  of  lines  generated  by  linear 
regression  analyses  do  not  exhibit  the  anticipated  parallel¬ 
ism,  there  does  exist  a  degree  of  parallelism  in  each 
family  (Figs.  33  and  39)  which  suggests  that  a  closer 
examination  might  indeed  reveal  a  trend.  Thus,  each  range 
of  data  points  is  examined  further  as  follows : 

1)  The  value  of  the  correlation  coefficient  (r)  for 
each  range  of  data  points  in  each  soil  category 
is  examined,  and  the  range  which  has  the  largest 
absolute  value  of  r  is  chosen  as  the  base  line 
for  that  family  of  lines.  This  is  done  because 
the  nearer  the  absolute  value  of  r  is  to  unity, 

- Z - 

Plots  of  linear  regression  analysis  done  on  the  data 
used  by  Vijayvergiya  and  Ghazzaly  are  not  included  in  this 
report. 


Figure  30 


Correlation  of  Swelling  Pressure  with  Natural 
Dry  Density  and  Liquid  Limit  (Claystones) 


SWELLING  PRESSURE  {1000  PSF) 


SWELLING  PRESSURE  (1000  PSF) 
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Figure  35 


Correlation  of  Swelling  Pressure  with  Natural 
Dry  Density  and  Liquid  Limit  (Clays) 


SWELLING  PRESSURE  (1000  PSF) 


Figure  36 

Correlation  of  Swelling  Pressure  with  Natural 
Dry  P^nsity  and  Liquid  Limit  (Clays y 


SWELLING  PRESSURE  (1000  PSP) 


natural  dry  density  (pcf) 
Figure  39 


Family  of  Linear  Regression  Lines  for 
Correlation  of  Swelling  Pressure  with 
Natural  Dry  Density  and 
Liquid  Limit  (Clays) 
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the  more  closely  the  data  scatter  pattern  may  be 
represented  by  a  straight  line.  For  clays ,  for 
example,  the  line  for  the  liquid  limit  range 
40-49.5  is  selected  as  the  base  line  since  the 
r  value  for  the  data  in  this  range  is  equal  to 
.53.  Table  12  gives  the  values  of  r  for  each 
range  of  data. 

2.  Next,  the  r  values  of  the  other  data  ranges 

are  examined.  The  lower  that  the  absolute  values 
of  r  are,  the  less  linear  is  the  inherent 
relationship  between  the  data  points  of  any  par¬ 
ticular  range.  Likewise,  the  lower  that  any 
value  of  r  is,  the  less  is  the  significance  of 
the  corresponding  linear  regression  line  as  the 
"best  fit"  for  that  particular  range  of  data. 
Consequently,  other  equally  good  fitted  lines 
might  exist. 


3.  By  trial  and  error,  other  "good  fit"  lines  are 
matched  to  the  data  points  in  each  range.  The 
number  of  data  points  which  comprise  the  par¬ 
ticular  range  of  data,  and  the  magnitude  of  the 
absolute  value  of  r  are  taken  ipto  account 
during  this  process.  The  larger  that  the  number 
of  data  points  and  the  value  of  r  are,  the 
less  leeway  is  allowed  in  the  adjustment  of  any 


Swelling  Pressure 
Natural  Dry  Density 


line.  The  minimization  of  residuals  is  also 
considered  in  the  fitting  process. 

Figures  28  to  32  show  the  data  points  and  the  linear 
regression  and  visually  fitted  lines  for  each  range  of 
liquid  limit  for  the  claystones.  Figures  35  to  38  show 
the  same  information  for  the  clays.  Figures  34  and  40 
show  the  family  of  visually  fitted  lines  for  claystones 
and  clays  respectively  and  may  be  utilized  to  predict  the 
swelling  pressure  for  the  appropriate  materials. 

The  second  analysis  is  similar  to  the  first  except 
that  the  parameter  PI/- 200  is  used  as  the  discriminating 
parameter  instead  of  the  liquid  limit  value.  The  analysis 
procedure  described  above  is  used  again  to  generate  the 
appropriate  lines,  and  Figures  41  to  50  reflect  these 
results . 

E.  Conclusions 

Using  empirical  data,  equations  have  been  deduced 
which  allow  for  the  prediction  of  swelling  pressures  for 
Rocky  Mountain  area  soils.  Data  for  claystones  and  clays 
have  been  analyzed  by  two  methods,  resulting  in  varying 
degrees  of  success.  The  first  method  correlates  swelling 
pressure  to  the  natural  dry  density  and  liquid  limit  of 
a  soil.  This  method  produces  better  results  for  both 
claystones  and  clays.  Figure  34  shows  that  for  claystones 
a  good  relationship  exists  between  these  variables.  The 
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Figure  44 
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Family  of  Linear  Regression  Lines  for 
Correlation  of  Swelling  Pressure  with 
Natural  Dry  Density  and 
PI/-200  (Clays) 
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Figure  50 


Family  of  Visually  Fitted  Lines  for 
Correlation  of  Swelling  Pressure  with 
Natural  Dry  Density  and 
PI/-200  (Claystones) 


swelling  pressure  of  the  clays tone  samples  increases  as 
the  dry  density  increases.  Also,  for  a  given  dry  density, 
an  increase  in  swelling  pressure  occurs  as  the  liquid 
limit  value  increases.  A  similar  relationship  exists  for 
clay  soils,  however,  the  effect  of  liquid  limit  for  these 
soils  is  not  as  clearly  defined  as  it  is  for  claystones. 
Figure  40  shows  that  the  swelling  pressure  for  clays 
increases  as  the  dry  density  increases,  but  that  for  a 
given  dry  density,  the  effect  that  an  increase  in  the 
liquid  limit  has  upon  the  swelling  pressure  is  not  as 
great.  The  lines  for  liquid  limit  values  of  45  and  54 
(ranges  40  to  49.5  and  50  to  58)  are  essentially  coinci¬ 
dent.  Similarly,  the  lines  for  liquid  limit  values  27.5 
and  35  (ranges  25  to  29.9  and  30  to  39.9)  are  also  nearly 
coincident. 

The  reasons  why  claystones  exhibit  a  more  discernable 
trend  than  do  clays  is  not  readily  attributable  to  experi¬ 
mental  error.  As  stated  earlier,  all  data  values  were 
accepted  as  reported.  No  effort  was  made  to  determine  if 
testing  inconsistencies  existed.  However,  it  is  felt  that 
since  the  data  is  randomly  selected  and  encompasses  several 
years  of  record,  variations  in  test  procedures  would  not 
be  a  major  factor.  Even  if  variations  occurred,  statis¬ 
tically  the  same  variation  should  apply  to  the  clays  as 
well  as  to  the  claystones .  The  inherent  experimental 
error  associated  with  the  determination  of  liquid  limit 
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or  dry  density  values  could  contribute  to  the  scatter  of 
data  points,  but  should  balance  out  for  large  data  bases 
and  not  affect  the  overall  trend  of  the  line.  The  only 
other  explanation  for  the  more  predictable  results  of 
claystones  seems  to  be  that  claystones  are  less  prone  to 
disturbances  during  sampling  than  are  clays.  Thus,  for 
the  given  test  procedures  and  analysis  method  used. 

Rocky  Mountain  claystones  seem  to  swell  more  predictably 
than  do  clays. 

The  second  evaluation  method  correlates  swelling 
pressure  to  dry  density  and  the  parameter  PI/-200.  For 
both  claystones  and  clays,  this  method  is  of  less  value 
than  the  first  method.  Although  Figure  50  shows  a  nice 
trend  for  claystones,  less  confidence  is  placed  in  this 
family  of  curves  than  for  those  lines  obtained  by  corre¬ 
lating  swelling  pressure  to  liquid  limit.  This  is  so 
because  for  each  range  of  data  grouped  according  to  the 
value  of  PI/-200,  the  correlation  coefficient  is  signifi¬ 
cantly  lower  (see  Table  12).  In  the  case  of  clays, 

Figure  45  shows  a  nearly  coincident  family  of  lines  for 
data  grouped  using  this  parameter.  Thus,  the  discrimina¬ 
tion  afforded  by  the  parameter  PI/-200  is  of  little  prac¬ 
tical  value. 

The  analysis  shows  that  swelling  pressures  may  be 
predicted  for  Rocky  Mountain  soils  using  the  method  of 
Vijayvergiya  and  Ghazzaly.  The  results  obtained  with 
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claystones  seem  to  be  better  than  those  obtained  for  clays 
It  should  be  kept  in  mind  that  since  the  soils  examined 
represent  many  locations,  that  the  deduced  equations 
(Table  12)  can  only  yield  estimates  of  typical  swelling 
pressures.  Appendix  B  shows  plots  of  calculated  versus 
measured  values  of  swelling  pressure  for  both  claystones 
and  clays  which  were  analyzed  by  using  the  liquid  limit 
parameter.  Examination  of  these  plots  shows  that  the 
deduced  equations  generally  produce  swelling  pressure 
estimates  larger  than  measured.  In  those  instances  where 
the  equations  yield  low  estimates,  the  swelling  pressures 
involved  are  of  such  magnitude  (i.e.  ^  4000  psf)  that 
design  measures,  such  as  pier  foundations,  will  be 
required  in  any  event. 

It  is  hoped  that  the  equations  shown  in  Table  12 


will  be  of  some  practical  use  to  soil  engineers  in  this 
geographical  region. 
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SUMMARY  OF  LABORATORY  TEST  RESULTS 
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SUMMARY  OF  LABORATORY  TEST  RESULTS  (CLAYS) 
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APPENDIX  B 

COMPARISON  OF  MEASURED  VERSUS 
PREDICTED  SWELLING  PRESSURES 
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Predicted  Swelling  Pressure 
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Figure  B-2 

Measured  Versus  Predicted  Swelling  Pressures 
for  Claystones  (Liquid  Limit  Range:  40.7-49.6) 


Measured  Swelling  Pressure  (1000  psf) 


Note:  One  point  is  beyond  scale 
Predicted  Value  *  5200  psf 
Measured  Value  ■  25000  psf 


Predicted  Swelling  Pressure  (1000  psf) 
Figure  3-8 

Measured  Versus  Predicted  Swelling  Pressures 
for  Clays  (Liquid  Limit  Range:  40-49.5) 
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